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Chapter 3

AN ECONOMIC THEORY-BASED EXPLANATORY MODEL 
OF AGRICULTURAL LAND-USE PATTERNS

Abstract: An economic theory-based land-use modelling framework is presented aiming to 
explain the causal link between economic decisions and resulting spatial patterns of agricultural 
land use. The framework assumes that farmers pursue utility maximisation in agricultural 
production systems, while considering alternative production options and making land-use 
decisions. Local utility is assumed to depend on a complex combination of different types of 
factors that together set the opportunities and constraints for different production options. 
The framework’s ability to reproduce the current patterns is demonstrated for a case study 
in the Netherlands. The framework was implemented in a land-use modelling simulation 
tool rooted in economic theory, that was first specified according to the current trends in the 
driving forces assumed to steer land-use change. Alternative model specifications account-
ing for different sets of cash flows were implemented in order to explore the importance of 
uncertainties on model conceptualisation and structure. The allocation of agricultural land 
use was then simulated according to these specifications and the results were validated by 
comparing the simulated land-use patterns with observed ones. Production costs and gross 
revenues seem to only partly explain the observed patterns. In our case study, transportation 
costs did not seem to play a significant role in the allocation of agricultural land use, although 
that might be attributed to the relatively small size of the study area and the existence of a 
high-quality transport network. When cash flows accounting for path-dependency and land-
use inertia were considered, the framework performed well in reproducing current patterns in 
the Netherlands. The ability to link economic decision-making processes with the resulting 
agricultural land-use patterns, while incorporating complex interactions with different type 
of factors, implies that a coherent modelling approach for the simulation of future patterns 
of agriculture land use was established.

Keywords: Land-use modelling; Utility maximization; Net present value; Model validation

This chapter originally appeared as: Diogo, V., Koomen, E., Kuhlman, T. (2015), An economic 
theory-based explanatory model of agricultural land-use patterns: The Netherlands as a case study. 
Agricultural Systems 139: 1–16. doi: 10.1016/j.agsy.2015.06.002.
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1. Introduction

The spatial patterns of agricultural land use have been continuously changing in time as a 
response to variations in proximate and underlying factors operating across regions at mul-
tiple scales (Lambin et al., 2001; Geist et al., 2006). Technological developments have played 
an important role by increasing yields, reducing costs, enabling transportation of perishable 
products over large distances and allowing agricultural production to be feasible in previously 
unsuitable locations (Tilman et al., 2002; Glaeser and Kohlhase, 2004). Changes in consumer 
preferences for agricultural goods and in the level of competition between different land uses 
have also had an important contribution (Bakker et al., 2011).

Further changes can be expected in the future as a result of policy reform and changes in 
the climate and socio-economic systems. For example, the adoption of biofuel mandates by 
a large number of countries in recent years appears to have heightened the competition for 
agricultural land (Bringezu et al., 2009; Rathmann et al., 2010; Harvey and Pilgrim, 2011), 
contributing to several undesired impacts such as food security issues (Banse et al., 2008; 
RFA, 2008), loss of biodiversity and both direct and indirect land-use changes (Searchinger 
et al., 2008; Eickhout et al., 2008; Bowyer, 2010; Van Oorschot et al., 2010; Lapola et al., 2010; 
Wicke et al., 2011). The ongoing reform of European Union’s Common Agriculture Policy is 
also expected to affect farms’ viability and lead towards large changes in the extension and 
spatial distribution of agricultural and nature areas, resulting in both positive and negative 
impacts with large differences among member states (Vrolijk et al., 2010; Lavalle et al., 2011; 
EC, 2011; Meijerink and Achterbosch, 2013). On top of that, climate change is projected to 
have a significant impact on the conditions enabling agriculture (e.g. Nelson et al., 2009; 
Schaap et al., 2011; Hatfield et al., 2014). Therefore, a good understanding of the determinants 
of agricultural land use is necessary not only to assess possible developments and impacts in 
the environment, economy and society, but also design strategies to cope with future challenges.

On the one hand, several empirical studies aimed at constructing hypotheses about the 
relationship between proximate driving forces and (agricultural) land-use patterns, through 
fitting of empirical data using statistical methods (e.g. Verburg et al., 2004b; Lesschen et al., 
2005; Mottet, et al., 2006; Van Doorn and Bakker, 2007; Bakker et al., 2011; Nainggolan et 
al., 2012; Diogo and Koomen, 2012). This type of approach is able to quantify the explanatory 
power of the main factors operating in distinct regions and at different scales. However, they 
do not explain the causality between land-use change factors and processes, nor the human 
behaviour leading to decisions on land use (Irwin and Geoghegan, 2001; Overmars et al., 2007a).

On the other hand, theory-based approaches aim to explain the causal relationships between 
land-use decisions and their outcomes, i.e. to reproduce and predict land-use patterns using 
logic deduction to guide the characterisation of land-use change processes (Verburg et al., 
2006; Overmars et al., 2007a). Such approaches typically assume that landowners attempt 
to maximise the utility derived from land, with functional form and explanatory variables in 
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the models based on economic theory (Irwin and Geoghegan, 2001). Most models based on 
economic theory are able to determine the optimal (agricultural) land-use configuration for 
different and even divergent objectives, by applying mathematical optimization techniques 
(Irwin and Geoghegan, 2001; Koomen et al., 2005; Louhichi et al., 2010; Tittmann et al., 2010; 
Benke et al., 2011; Kuhlman et al., 2013). However, their ability to actually reproduce existing 
land-use patterns is rarely investigated through model validation. Furthermore, theory is 
often applied according to only one set of prior conditions, criteria and decision variables, 
without further testing for alternative model specifications. This implies that uncertainties 
related to model conceptualisation and structure (as discussed in Refsgaard et al., 2007) are 
not fully acknowledged and addressed.

The goal of this paper is to assess the ability of a modelling framework based on economic 
theory to explain and reproduce existing agricultural land-use patterns. The proposed frame-
work is implemented in Land Use Scanner, a land-use modelling simulation tool rooted in 
economic theory. Alternative model specifications are proposed and implemented in order 
to explore the importance of uncertainties on model conceptualisation and structure. The 
model is specified according to current trends of assumed land-use driving forces and the 
results are validated by comparing the simulated land-use patterns with existing ones. The 
Netherlands, a country with an advanced agricultural sector and a landscape dominated by 
cropland and pastures (Koomen et al., 2005; Berkhout and Roza, 2012), is used as a case study.

The paper is structured as follows. Firstly, a modelling framework based on economic 
theory to explain and simulate agricultural land-use patterns is introduced in Section 2. The 
case study in the Netherlands is presented in Section 3. The methodological steps to opera-
tionalise and validate the proposed framework in this case study are described in Section 4. 
In Section 5, the main results of the model simulation and validation are presented, followed 
by a discussion and final conclusions (Section 6).

2. Theoretical framework

2.1. Land-use decision-making in economic theory

In economic theory, land is regarded as a special asset providing space for locating economic 
activities, infrastructure and dwellings, as well as amenity services and aesthetic value (Hubacek 
and Van den Bergh, 2002). In this regard, land can be characterised by three particular features 
(see, for example, Buurman, 2003):

• in normal conditions, the supply of land is fixed;

• every land parcel has a fixed location with unique biophysical features and acces-
sibility attributes that set the opportunities and constraints for human activities; land use 
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Eq. (1)

where Uj is the overall level of utility, which depends on the degree to which the various n 
objectives are achieved, and uj refers to specific preference factors determining the relative 
preference for one objective over the others. McFadden’s (1978) discrete choice theory con-
tributed to explain and predict the outcome of a decision-making process of economic agents 
when choosing among mutually exclusive alternatives. The discrete choice model assigns 
probabilities for the different alternatives according to the utility of those alternatives in 
relation to the total utility of all alternatives:

at a certain location simultaneously influences its surroundings and is influenced by them. 
This does not only result from the clustered distribution of landscape features (Verburg et 
al., 2006), but also relates to spatial externalities of land use arising, for instance, from ease 
of access to markets, economies of scale, and knowledge and information spillovers between 
neighbouring firms (Krugman, 1991; Krugman, 1999; Ciccone and Hall, 1996; Polsky, 2004).

The key concept explaining the allocation of land among competing uses is land rent, i.e. 
the reward paid for the use of land to its owner (Barlowe, 1972). Ricardo (1817) explained 
the existence of land rent by differences in soil fertility and land scarcity. Von Thünen (1826) 
focused on the importance of spatial location, distance to markets and transportation costs 
to explain land use and differences in land prices. In modern times, Alonso’s (1964) bid-rent 
theory explained the relationship between land prices and land use as follows: in a competitive 
land market, land-users seek to maximise their utility, being land purchased/rented by the 
bidder offering the highest bid, i.e. the potential land-user able to derive the highest rent 
from land. Therefore, land is expected to be used for the purpose which brings the greatest 
utility, taking into account the relative benefits of alternative land uses (Fujita, 1989).

Utility depends on the preferences of economic agents for specific objectives and on the 
degree to which those objectives are achieved (Keeney, 1969). For instance, every farmer has 
certain objectives that he strives to achieve while engaging in crop production, e.g. increasing 
profit/income levels, expanding business, and having more leisure time. Within the restrains 
of his knowledge, opportunities and available resources, a rational farmer is expected to eval-
uate possible production alternatives and resource allocation options, choosing the one that 
maximises his overall utility (Rae, 1977). Some of these objectives might be overwhelmingly 
more important than others; for example, leisure time might only be taken into consideration 
if a minimum income level is achieved. Utility can thus be conceived as a multidimensional 
attribute function as follows (Keeney, 1969, 1982; Rae, 1977):
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Eq. (2)

where Xi is the probability of alternative i being chosen, Ui is the utility of alternative i, Uk is 
the utility of alternative k, n is a finite number of mutually exclusive alternatives, and β is a 
parameter to adjust the model sensitivity. By coupling together bid rent and discrete choice 
theories, it is possible to describe the land-market clearing process: a land seller compares 
alternative bids and sells the land parcel to the actor with the highest bid, thus maximising 
both revenue of sellers and utility of buyers (Martinez, 1992).

2.2. Modelling framework explaining agricultural land-use patterns

Following the literature review presented in Section 2.1, the modelling framework proposed 
in this paper assumes that farmers pursue utility maximisation in agricultural production 
systems, while considering alternative production options and making land  use decisions. 
The utility that can be derived in each location is assumed to depend on a combination of 
factors that together set the opportunities and constraints for different production options 
(Figure 3.1). We take the meta-analysis of agricultural land-use driving forces by Geist et al. 
(2006) and the conceptual model of land-use driving forces by Hersperger and Bürgi (2007) 
as a starting point for the framework. Accordingly, we consider farmers’ utility and resulting 
land-use decisions to be determined by the combination of five different types of factors:

• spatial factors, such as the configuration of the biophysical environment, historical 
and current land use and available transportation network;

• socio-cultural factors, including demography, historical developments and traditions, 
factors on the producers’ side such as farmers’ entrepreneurship profile and preferences, and 
on the consumers’ side such as income and diet;

• political factors, including policies intended to change trade flows (e.g. monetary 
policy, trade tariffs and restrictions), policy schemes affecting farmers’ income (e.g. taxation of 
production and negative externalities, subsidies promoting exports and amenities), and legal 
regimes regulating the access to land (e.g. land tenure and property rights, zoning policies 
defining areas for nature conservation and urban/industrial development);

• technological factors, i.e. the tools, machines, techniques, infrastructure, facil-
ities, systems and methods of organisation enhancing the production and logistics of 
agricultural commodities;

• economic factors, namely the prices of production factors and commodities, access 
to financing, demand for agricultural commodities, and trade balance and structure.
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Some of these factors determine the trajectory of land use, i.e. the land demand for different 
agricultural activities, by influencing the use of resources and the consumption of goods. 
More specifically, population growth, demography, income, diet and consumers’ preferences 
determine the demand for agricultural commodities, including food, feed, fibres and fuel. 
Price formation processes are established in agricultural commodity markets according to 
the local economic performance of agricultural production in different world regions and the 
global demand for agricultural commodities. As a result of policy measures and comparative 
economic advantages between regions, a trade balance and structure emerges in these markets, 
determining the share of global demand for agricultural commodities that is produced in each 
world region. This regional production share is then translated into aggregated land claims 
for agricultural land uses according to locally attainable yields/ productivity.

Other factors dictate the spatial distribution of these land claims, by determining the 
local suitability and resulting local economic performance of each production option. For 
example, the combination of local biophysical features and technology in use determines the 
locally attainable crops yields/productivity, which in turn is a major component of the local 
economic performance of agricultural land use by determining, in combination with other 
technological and economic factors, cash flows such as potential gross revenues, transportation 
costs and variable production costs.

The framework is focused on farmers’ decision-making processes regarding choosing 
among available production and technological options according to their inherent costs and 
potential gross revenues. Therefore, technological developments are assumed to be exoge-
nous; i.e. we do not address processes such as learning, technological lifecycles and eventual 
links between increasing demand for commodities resulting from population growth and 
changes in consumers’ preferences and the development of technological innovations in the 
agricultural sector.

To conclude, the proposed framework presumes spatial patterns of agricultural land use to 
emerge out of land-use decisions aiming to maximise local utility, which in turn are explained 
by two concomitant processes:

• the land demand for different production options arising from the demand for 
agricultural commodities;

• farmers evaluating the utility of alternative production options, according to the 
local economic performance of these options and farmers’ own objective preferences.
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Figure 3.1: Modelling framework for simulation of agricultural land-use patterns
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3. Case study area

The Netherlands has an advanced agricultural sector with a high value per hectare (Koomen 
et al., 2005; Berkhout and Roza, 2012). Agricultural activities comprise the cultivation of dif-
ferent types of crops, including food consumption and industrial crops (e.g. cereals, potatoes, 
beets, vegetables and fruits), feed crops for livestock (mainly grass and silage maize), and 
ornamental plants (e.g. flowers and trees). In our case study, only open-field agricultural land 
uses were considered, since these are actually the ones depending on local land characteristics. 
Non-land-based activities such as vegetable and flower growing in greenhouses and intensive 
livestock production in animal farms were therefore excluded from our analysis. Extensively 
managed natural grasslands were also not considered, since agricultural production is not 
the main function.

Annual crops are usually grown in rotation schemes (i.e. different crops are sequentially 
grown in the same plot, season after season) in order to improve soil structure and prevent 
the build-up of plant diseases. Therefore, a certain degree of crop aggregation is required in 
order to correctly represent the spatial distribution of different agricultural land uses over time. 
Previous studies in the Netherlands have aggregated crops at the production system level (e.g. 
Van der Hilst et al., 2010; Kuhlman et al., 2013). This approach allows taking explicitly into 
account the crop rotation schemes and management practices conducted by farmers in the 
analysis of land-use patterns. In the present case study, crops were aggregated in agricultural 
land uses according to the typology used in the statistical records of farm accounts by the 
Dutch Agricultural Economics Research Institute, which distinguishes six types of open-
field production systems: arable farming, dairy farming, vegetable growing, fruit growing, 
flower growing and tree nursery (LEI, 2013). Adopting this typology as a benchmark for crop 
aggregation allows to consistently linking the spatial patterns of agricultural activities with 
economic data on gross revenues and production costs (Diogo et al., 2013).

The Basic Parcel Registration (BPR) dataset for year 2012 (MEZLI, 2013) was used as a 
reference land-use map. BPR data series consist in spatially-explicit datasets based on yearly 
farm surveys regarding crop grown at the plot level. It has a detailed classification distinguish-
ing between crops within the same general group, such as different types of potatoes (starch, 
consumption and seed potatoes) and different types of cereals (e.g. winter and summer wheat, 
winter and summer barley). This refined classification can be linked with crop-specific bio-
physical and economic data (see Sections 4.1.1 and 4.1.2), thus improving the characterisation 
of the local economic performance of agricultural land uses. Furthermore, BPR datasets are 
collected and updated every year, thus allowing a detailed analysis of crop rotation schemes.

According to CBS (2013), grazing livestock in the Netherlands is mainly composed by cattle 
for milk and meat production (71% of total number of animals), followed by sheep (19%), goat 
(7%) and equidae (2%), with sheep and goat being often kept as a sideline activity on cattle 
farms (PVE, 2010). Monogastric animals such as pigs and poultry are mostly produced in 
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intensive landless systems using feed concentrates (PVE, 2010). 91% of specialised cattle-based 
production systems consist of dairy farms, with dairy cows and heifers amounting to roughly 
69% of the total cattle herd (CBS, 2013). Since BPR does not provide information on the 
type of grazing animal, we assumed all land devoted to agricultural grassland and maize to 
be part of dairy farming systems, i.e. we consider dairy farming as a proxy to grazing live-
stock-based systems, as this appears to be the most predominant type of livestock system. 
Table 3.1 summarises the aggregation of the different crop types in the original BPR data 
series into the considered agricultural land uses and some of their characteristics.

The spatial distribution of the considered agricultural land uses in the Netherlands is 
depicted in Figure 3.2. Dairy farming and other livestock-based systems largely shape the 
rural landscape. It is the most prevalent agricultural land use with almost 70% of total 
open-field agricultural land use, being particularly predominant in the provinces of Utrecht, 
Noord-Holland, Zuid-Holland, Friesland and parts of southern and eastern Netherlands. 
Arable farming covers roughly 21% of total agricultural land, with major concentrations in 
Zeeland and IJselmeer clay polders and the north-eastern provinces of Drenthe and Gro-
ningen. Open-field vegetable growing systems account for roughly 3% and are spread over 
the entire country, with a few concentrations of specialised farms: asparagus, lettuce and 
cabbage in southern sandy areas; cabbage growers in the west of Noord-Brabant; cabbage, 
cauliflower and lettuce in Noord-Holland. Fruit growing, flower growing and tree nursery 
systems account each for approximately 1%. The largest concentrations of fruit growers can be 
found along the rivers in Gelderland province and Zeeland province. Flower bulb production 
is highly concentrated in coastal dune sands, but can also to be found on clay soils of the 
IJsselmeer polders. Tree nurseries are mostly concentrated in Gelderland, Noord-Brabant 
and north Limburg.

Table 3.1: Crop types and related aggregated agricultural land uses
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Figure 3.2: Open-field agriculture land uses in the Netherlands 2012

4. Material and methods

This section describes the methodological steps to assess the ability of the theoretical frame-
work presented in Section 2 to explain and reproduce the current agricultural land-use patterns 
in the Netherlands. A model application was built in Land Use Scanner to simulate the spatial 
patterns of agricultural land use in the Netherlands according the proposed framework. The 
model specification is outlined in Section 4.1. Accordingly, maps depicting the local utility 
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of each agricultural land use were constructed. These maps were implemented in Land Use 
Scanner to simulate the allocation of agricultural land uses. The allocation procedure is briefly 
described in Section 4.2. The model was then validated by comparing the simulated patterns 
with the currently observed patterns. The model validation method is presented in Section 4.3.

4.1. Model specification

The modelling framework assumes agricultural land-use decisions to be influenced by the 
combination of different types of factors which determine the land demand for the pro-
duction of agricultural commodities and the local utility for alternative production options. 
The model was thus specified according to the current trends of the considered factors. No 
explicit assumptions were made regarding the factors determining land demand; instead, we 
considered the total area at the national level for each agricultural land use to be equal to the 
land accounts of BPR 2012 reference map. Local utility builds upon the factors determining 
the local suitability and resulting local economic performance of agricultural land uses. These 
components are described in Sections 4.1.1 and 4.1.2, respectively. Finally, the specification of 
local utility is described in Section 4.1.3, including the alternative definitions of local utility 
that were implemented to explore the importance of uncertainties on model conceptualis-
ation and structure.

4.1.1. Local suitability

Local suitability for agricultural land uses is determined by four main components:

• spatial constraints, restricting the areas where agricultural land uses can be allo-
cated. This component results from a combination of historical and current land use, zoning 
policies and regulation of land property rights;

• distance to markets, which depends on the available transportation

• transport network and the location of establishments where agricultural com-
modities are sold;

• crop biophysical suitability, which depends on the local combination of 
biophysical features;

• attainable crops yields/productivity, which depend on the combination between 
crop biophysical suitability and technology in use.
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Table 3.2: Type of establishments considered as markets for commodities produced in agricultural 
land uses
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4.1.1.1. Spatial constraints

Non-agricultural land uses (e.g. urban areas, commercial and industrial areas, recreational areas, 
nature conservation areas), non-land-based agricultural land uses (e.g. greenhouses, intensive 
animal farms) and natural grasslands were taken as spatial constraints for the allocation of the 
agricultural land uses, i.e. during simulation, the locations where non-agricultural land uses 
were observed in the reference year are not available for allocation of agricultural land uses. 
Spatial planning policies regarding open space preservation, nature conservation and urban 
development in the Netherlands (for an overview, see Koomen et al., 2008b) were assumed 
to be implicitly operationalised in the model through the aforementioned constraining land-
uses. Land property rights are assumed to be well defined according to the Dutch Civil Law.

4.1.1.2. Distance to markets

The National Information System of Labour Organizations database (LISA, 2006), which 
contains the address and business class of all business establishments in the Netherlands, was 
used to determine distance to markets. Table 3.2 summarises the types of establishments that 
were considered as potential markets for the commodities traded by each agricultural land 
use. The shortest distance to the nearest relevant establishment was considered as a proxy for 
distance to markets for each crop. Raw milk collection and transportation from dairy farms 
to processing plants in the Netherlands are mostly organised by large dairy cooperatives. 
FrieslandCampina, the largest cooperative with roughly 80% of total raw milk production, 
employs specialised transport companies to carry out the collection and transport of raw 
milk in large isolated transport trucks that make stops for milk collection from storage 
tanks in several nearby farms and deliver it to processing facilities (EC, 2008; De la Mano 
et al., 2009; FrieslandCampina, 2012). Therefore, dairy farmers were assumed to not bear any 
direct milk transportation costs (Daatselaar, 2013). Surplus/deficit maize production in dairy 
farming systems (see Section 4.1.2.) is assumed to be sold/bought and transported to/from 
the nearest wholesale forage establishment; the required feed concentrates are also assumed 
to be bought and transported from these establishments.

4.1.1.3. Crop biophysical suitability

The biophysical suitability for agricultural crops strongly depends on local features such as 
soil type, topography, climate and hydrological conditions. The Her-Evaluatie van Land-
inrichtings Plannen (HELP) system (Brouwer and Huinink, 2002; Van Bakel et al., 2007) 
has been widely used to spatially represent crop biophysical suitability in Dutch case studies 
(e.g. Van der Hilst et al., 2010; Diogo et al., 2012, 2013; Kuhlman et al., 2013). In this method, 
maps of groundwater levels and soil type are combined to determine the degree of crop yield 
reduction, in relation to the maximum attainable crop yield, resulting from the damage caused 
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by drought and water surplus. Crops differ in their tolerance to drought and waterlogging, 
both of which can inhibit crop growth. The estimation of yield reduction takes into account 
direct as well as indirect damage (e.g. loss of product quality due to harvest delay resulting 
from the impossibility of operating machines in wet conditions). Total yield reduction was 
calculated as follows:

Eq. (3)

where Dtot is the total yield reduction, Dwa is the yield reduction caused by water surplus 
and Ddr is the yield reduction caused by drought. The HELP system was last updated in 
2006 (Van Bakel et al., 2007) and currently includes the definition of biophysical suitability 
for the main types of crops in the Netherlands, based on the combinations between 14 soil 
types and 11 water level classes.

4.1.1.4. Attainable crop yields/productivity

For vegetable growing, flower growing, fruit growing and tree nursery, the cultivated crops 
and related yields were not explicitly specified due to lack of crop-specific data; instead yield 
reduction and gross revenues were specified at the aggregated production system level (see 
Section 4.1.2). For arable farming and dairy farming, technology of crop cultivation (i.e. field 
operations and related use of machinery, inputs, labour and fuel) and resulting maximum 
potential crop yields were specified at the crop level and according to soil type, based on a 
previous study by Van der Hilst et al. (2010). For these land uses, attainable crop yields were 
calculated as follows:

Eq. (4)

where Yc,p is the yield of crop p in grid-cell c (tonnes/ha), maxYp,t is the maximum potential 
yield of crop p (in tonnes/ha) according to technology t in use (which depends on soil type), 
and Dtot,c,p is the total yield reduction of crop p in grid-cell c.

For dairy farming, milk is assumed to be the main product and therefore grass and maize 
yields had to be translated into milk production. Feed conversion efficiency, i.e. the amount 
of milk produced per unit of feed, was used as a proxy for milk productivity, being milk 
production calculated as follows:
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Eq. (5)

where milkc is the milk production obtained from the total feed available from grid-cell 
c (tonnes/ha), FCE is the feed conversion efficiency (tonne milk / tonne feed), and feedc is 
the total amount of feed available in grid-cell c (tonnes/ha). Feed conversion efficiency and 
feed composition were derived from Van Duinkerken et al. (2007). Dairy farming in the 
Netherlands is essentially performed in pasture systems, in which grass is supplemented by 
silage maize and feed concentrates. A standard dairy farming system with a feed conversion 
efficiency of 1,39 tonne milk/tonne feed was assumed, with feed being composed in dry weight 
matter by 60% grass, 20% silage maize and 20% feed concentrates. Since grass has the largest 
share in both crop rotation and feed composition, it was assumed to be the feed component 
dictating the scale of milk production attainable in each grid-cell. The total amount of feed 
available per grid-cell is thus determined as a function of the locally attainable grass yield 
and the share of grass in the feed composition:

Eq. (6)

where feedc is the total amount of feed available per grid-cell (tonne/ha), maxYgrass,t is the 
maximum attainable yield of grass (in tonnes/ha), Dgrasstot,c is the total yield reduction of 
grass in grid-cell c, %grassc is the share of grass in the crop rotation scheme in grid-cell c 
(which depends on soil type and region; see Section 4.1.2 for the specification of crop rotation 
schemes) and %feed grass is the share of grass in the feed composition.

Consequently, the required amount of maize and feed concentrates will depend on the 
attainable grass yield (see Section 4.1.2, for a discussion on the calculation of the remaining 
feed components and the costs involved).

4.1.2. Local economic performance

The local economic performance comprises four main elements:

• gross revenues, which also depend on the combination of attainable crop yields/
productivity, market prices of agricultural commodities and subsidies;

• fixed production costs, which also depend on technology in use and prices of 
production factors;

• variable production costs, which also depend on the combination of attainable 
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crop yields/productivity, technology in use and prices of production factors;

• transportation costs, which also depend on the combination of fuel prices and 
transportation mode (which jointly determine the specific transportation costs per unit of 
distance and weight), attainable crop yields/productivity and distance to markets.

For arable farming and dairy farming, the specification of these components also depends on 
the crop rotation scheme in use. Crop rotation schemes were defined per soil type according 
to the average rotations observed in BRP data series during the period 2007–2012. This 
period was chosen since it followed the abolition of European Union set-aside premiums in 
2006, which led to a considerable decrease on the share of fallow land in the following years.

Crop rotation schemes were analysed and operationalised in the model at the national and 
regional levels, in order to compare eventual differences in the model performance following 
these specifications. Table 3.3 shows the average crop rotation scheme for arable and dairy 
farming at the national level. The specification of crop rotation schemes at the regional level 
can be found in Appendix A.

4.1.2.1. Gross revenues

Gross revenues are obtained from selling products in agricultural commodity markets, and 
from subsidies such as those provided by European Union’s Common Agricultural Policy 
(CAP). For vegetable growing, fruit growing, flower growing and tree nursery, maximum gross 
revenues and subsidies were derived at the aggregated production system level from LEI (2013).

Gross revenues were calculated as follows:

Eq. (7)

where Ri,c represents the gross revenues derived from agricultural land use i in grid-cell c (€/
ha), Dtot,i,c is the total yield reduction in grid-cell c of the crop group relevant to agricultural 
land use i, maxRi is the potential maximum gross revenues of agricultural land use i, and Si 
is the subsidies given to agricultural land use i.

For arable farming, market prices and CAP subsidies of annual crops were specified at the 
crop level: the market prices were derived from LEI (2013), subsidies were specified according 
to Van der Hilst et al. (2010). Gross revenues of arable farming were then calculated as follows:
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Eq. (8)

where Rarable,c represents the gross revenues derived from arable farming in grid-cell c (€/
ha), %p is the share of crop p in the crop rotation system of arable farming in grid-cell c 
(according to soil type and region), n is the number of crops grown in arable farming systems, 
Yc,p is the yield of crop p in grid-cell c (tonnes/ha), Pp is the price of crop p (€/tonne) and Sp 
is the subsidies on crop p (€/ha).

Table 3.3: Average crop rotation schemes at the national level in arable farming and dairy farming
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For dairy farming, gross revenues are assumed to be mainly obtained from selling milk to 
dairy cooperatives. Milk prices were derived from LEI (2013). Surplus/deficit maize might be 
available/required depending on the relative amount of grass and maize produced per grid-cell 
(see Section 4.1.1). Surplus/deficit maize was therefore assumed to be sold/bought in whole-
sale feed markets, the revenues/costs from selling/buying maize being calculated as follows:

Eq. (9)

where Nmaize,c is the net income from selling/buying the surplus/deficit maize available/
required in grid-cell c (€/ha), Ymaize,c is the yield of maize in grid-cell c (tonne/ha), %maizec 
is the share of maize in the crop rotation scheme in grid-cell c, feedc is the total amount of 
feed available per grid-cell (tonne/ha), %feed maize is the share of maize in the feed com-
position, and Pmaize is the market price of maize (€/tonne). Gross revenues of dairy farming 
were finally calculated as follows:

Eq. (10)

where Rdairy,c represents the gross revenues derived from dairy farming in grid-cell c (€/ha) 
and Pmilk is the price of milk (€/tonne).

4.1.2.2. Total costs

Total costs are comprised by transportation costs, fixed production costs and variable pro-
duction costs. Specific transportation costs were adapted from MIM (2011). For vegetable 
growing, flower growing, fruit growing and tree nursery, fixed and variable production costs 
were derived at the production system level from LEI (2013). Total costs were calculated 
as follows:

Eq. (11)

where Ci,c represents the total costs incurred by agricultural land use i in grid-cell c (€/ha), 
FCi represents the fixed production costs of agricultural land use i (€/ha), Rc,i, is the gross 
revenues of agricultural land use i in grid-cell c (€/ha), VCp,y represents the variable production 
costs related to the economic scale of agricultural land use i in cell c (€/€), TCi represents the 
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specific transportation cost of agricultural land use i (€/€.km), and dc,p is the distance to the 
nearest relevant market where the products of agricultural land use i be sold (km).

For arable farming, the price of production factors, the technology in use and resulting 
fixed and variable production costs were specified at the crop level and according to soil type 
(based on Van der Hilst et al., 2010). Total costs were calculated as follows:

Eq. (12)

where Carable,c represents the total costs incurred by arable farming in grid-cell c (€/ha), n is 
the number of crops grown in arable farming, %p is the share of crop p in the crop rotation 
scheme in grid-cell c, FCp represents the fixed production costs of crop p (€/ha) such as field 
operation and input costs, Yc,p is the yield of crop p in grid-cell c (tonnes/ha), VCp represents 
the specific variable production costs of crop p (€/tonne) such as harvesting and storage costs, 
TCp represents the specific transportation cost of crop p (€/tonne/km), and dc,p is the distance 
to the nearest relevant market where crop p can be sold (km).

For dairy farming, the price of production factors, the technology in use and resulting fixed 
and variable production costs related to growing feed crops were also specified at the crop 
level and according to soil type (based on Van der Hilst et al., 2010). Dairy systems also incur 
the costs of buying and supplementing feed concentrates. The costs related to supplementing 
feed concentrates are determined as follows:

Eq. (13)

where Cfc,c represents the costs incurred with feed concentrates per grid-cell c (€/ha), 
feedc is the total amount of feed available in grid-cell c (tonne/ha), %feed fc is the share of 
feed concentrates in the feed composition, Pfc is the market price of feed concentrates (€/
tonne) and Cfc,feeding is the feeding costs of supplementing feed concentrates (€/tonne), TCfc 
represents the specific transportation costs of feed concentrates (€/tonne/km), and dc,feed is 
the distance to the nearest wholesale forage market where feed concentrates can be bought 
(km). Market prices of feed concentrates were derived from LEI (2013), feeding costs were 
derived from Van Duinkerken et al. (2007).

Besides the variable production costs resulting from growing feed crops, there are also vari-
able production costs related to the scale of milk production. Milk-related variable production 
costs were derived from LEI (2013). Total costs of dairy farming are finally calculated as follows:
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Eq. (14)

where Cdairy,c represents the total costs incurred by dairy farming in grid-cell c (€/ha), milkc 
is the milk production in grid-cell c (tonnes/ha), VCmilk is the variable costs related to the scale 
of milk production (€/tonne milk), maizec is the surplus/deficit maize produced/required in 
cell c, TCmaize represents the specific transportation costs of maize (€/tonne/km), dc,feed is the 
distance to the nearest wholesale forage market where maize can be sold/bought (km), %p 
is the share of feed crop p in the crop rotation scheme, n is the number of feed crops grown 
in dairy farming, FCp represents the fixed production costs of feed crop p (€/ha), Yc,p is the 
yield of feed crop p in grid-cell c (tonnes/ha) and VCp represents the variable production 
costs of feed crop p (€/tonne).

4.1.3. Local utility

The local utility derived from agricultural land uses depends on two main elements:

• their local economic performance;

• farmers’ entrepreneurship profiles and preferences.

Different entrepreneurship profiles have been identified among Dutch farmers in previous 
studies (Lauwere, 2005; Bakker et al., 2014). For example, Lauwere (2005) could distinguish 
different strategic orientations regarding scale enlargement, diversification, financial conserv-
atism, technology adoption and creation of added-value among Dutch farmers. However, 
since our case study was carried out at the national level, taking into account these differences 
would introduce too much complexity in the model. Therefore, no distinctions were made in 
terms of farmers’ entrepreneurship profiles and preferences. Instead, we considered farmers to 
be characterised by one-dimensional utility functions, according to which they are assumed 
to only account for increasing profits as an objective preference while appraising different 
production options. Furthermore, for each agricultural land use, we assumed farmers to adopt 
the same standardised business model and technology (except for crop rotation schemes in 
arable and dairy systems, which are distinguished per region and soil type).

Farm enterprises can be considered as long-term economic activities. For instance, if the 
price of a certain agricultural commodity falls, farmers will wait a few years instead of imme-
diately changing their cropping system, depending on the investments made (Verburg et al., 
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2002). Therefore, we apply the net present value (NPV) method to estimate the expected 
local utility of alternative agricultural land uses. NPV is a standard method used in capital 
budgeting to appraise long-term projects, by measuring discounted time series of expected 
cash inflows and outflows, while taking into account the time value of money. To be regarded 
as economically attractive, an investment should have a NPV greater than zero.

The NPV method has already proven suitable for spatially-explicit assessments of the 
economic performance of compet ing agricultural land uses (e.g. Van der Hilst et al., 2010; 
Kuhlman et al., 2013; Diogo et al., 2012; Diogo et al., 2014). When applying this method to 
land-use decision-making in agricultural production, NPV is determined in the following way:

Eq. (15)

where NPVc,i is the net present value of agricultural land use i in land parcel c, t is time, 
Rc,i,t and Cc,i,t are respectively the gross revenues and total costs of agricultural land use i in 
land parcel c and s = ln(1 + r), being r the discount rate. This equation can be discretised in 
yearly time steps as follows:

Eq. (16)

where Invc,i represents the specific initial investment costs (e.g. land acquisition costs, 
new machinery, buildings and facilities) of agricultural land use i (€/ha), Rc,i,y and Cc,i,y are 
respectively the yearly gross revenues and total costs of agricultural land use i in land parcel 
c in year y (€/ha), r is the discount rate and n is the lifetime of the project. The yearly total 
costs related to crop production are determined as follows.

In order to understand the role of different budget components on agricultural land-use 
decisions and explore the importance of uncertainties on model conceptualisation and struc-
ture, alternative definitions of local utility were implemented:

• definition I: NPV is determined by taking into account time series of annual gross 
revenues and production costs;

• definition II: NPV is determined by taking into account time series of gross rev-
enues, production costs and transportation costs;

• definition III: besides accounting for time series of gross revenues and production 
costs, NPV is determined by also taking into account land use in previous years, assuming that 
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a change of production system involves investment costs (e.g. on specialised machinery and/
or facilities). Investment costs at the production system level were derived from LEI (2013);

• definition IV: same as III, but also taking into account time series of 
transportation costs;

• definition V: besides accounting for time series of gross revenues and production 
costs, NPV is determined by also taking into account land use in previous years, assuming 
that a change of land use involves both investment costs and land acquisition costs. Land 
acquisition costs are used as a proxy for farmer specialisation, implying that a change of 
land use involves a change of the type of farmer that manages the land. This assumption is 
in line with a previous case study on agent-based simulation of rural land exchange in the 
Netherlands (Bakker et al., 2014), in which land-use change is assumed to occur only when 
land is exchanged among different types of specialised farmers. Land costs at the provincial 
level were retrieved from CBS (2013);

• definition VI: same as V, but also taking into account time series of transportation costs.

Table 3.4: Cash flows considered in the definitions of local utility

Table 3.4 summarises the configuration of the alternative definitions of local utility in 
terms of considered cash flows. Similarly to other studies on agricultural systems in the 
Netherlands (e.g. Van der Hilst et al., 2010; Kuhlman et al., 2013) a project lifetime of 20 
years and a discount rate of 5.5% were assumed. For definitions III to VI, the BPR dataset 
for year 2007 (MEZLI, 2013) was used as the historical reference map for the initial time 
step. For definitions I–II, no historical year is taken into account, i.e. the starting point of 
the simulation of agricultural land use is an empty map (except for the constraints set by 
non-agricultural land-uses).
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4.2. Allocation of agricultural land uses

A model application was built in Land Use Scanner (LUS) to simulate the allocation of 
agricultural land uses according to the model specification outlined in Section 4.1. LUS is a 
land-use model in which an economic bid rent theory and an allocation algorithm based on 
discrete choice theory are combined to investigate land-use patterns (Hilferink and Rietveld, 
1999). The model aims to mimic a land market, in which land uses fulfil the role of buyers. 
The bid prices given by land buyers are determined by the utility they can derive from land, 
which in turn depends on the local suitability for each land use.

The allocation of competing land uses is simulated by assuming that grid-cells will obtain 
the land uses yielding the highest net socio-economic benefit. A doubly constrained model is 
established by imposing two conditions: (1) the (regional) demand for each land-use function, 
and (2) the total amount of land which is available. Typically, the model optimises (future) 
land use at a 100 m resolution according to external regional projections on land-use claims 
derived from sector-specific models developed by specialised institutes.

The allocation algorithm employs the logit-type approach derived from discrete choice 
theory. Instead of allocating one single land-use type per grid-cell, the model assigns proba-
bilities for the different alternative land uses according to the utility of those alternatives in 
relation to the total utility of all alternatives:

Eq. (17)

where Xc,i is the probability of grid-cell c being used for land-use type i, Uc,i is the utility 
derived from land-use type i in grid-cell c, Uc,k is the utility of land-use type k in grid-cell 
c, n is the number of simulated land-use types, and β is a model sensitivity parameter (1 as 
default value). The algorithm directly translates these probabilities as land areas (Loonen and 
Koomen, 2009). For instance, if a certain land use has a probability of 90% in a particular grid-
cell, this will result in an area of 0.9 ha allocated to this land use, in the case of a 100 m grid. 
A more comprehensive description of the model allocation algorithms and applications can 
be found elsewhere (e.g. Hilferink and Rietveld, 1999; Loonen and Koomen, 2009; Koomen 
and Borsboom-van Beurden, 2011).

4.3. Model validation

4.3.1. Pixel-by-pixel validation

To assess the merits of the proposed framework and model specification, a pixel-based map 
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comparison method was applied comparing the simulated land-use patterns with the observed 
ones. The land-use maps resulting from land-use modelling runs were compared with the 
BRP 2012 reference map. The degree of correspondence (Loonen and Koomen, 2009), an 
indicator comparing the ratios of simulated and observed land use per grid-cell, was used 
as a measure of comparison:

Eq. (18)

where Ci is the degree of correspondence for land-use i, Mc,i is the simulated amount of 
land allocated in grid-cell c for land use i and Oc,i is the observed amount of land in grid-cell 
c for land use i. The degree of correspondence ranges from 0% (i.e. none of the simulated 
amount of land is allocated in the corresponding grid-cells with observed land use) to 100% 
(i.e. the simulated amount of land is equal to the observed amount in every grid-cell).

4.3.2. Multiple resolution validation

A pixel-by-pixel comparison might, however, be somewhat misleading in terms of assessing 
the ability to correctly allocate land use. For instance, the model might be allocating the right 
amount of a certain land use in the surroundings but not exactly on the correct grid-cell, 
leading to the conclusion that those grid-cells are being wrongly allocated, while in fact the 
model is producing sensible land-use patterns. A multiple resolution procedure was therefore 
applied. Firstly, an expanding sampling window was used to gradually decrease the resolu-
tion of the comparison, in order to explore the changes in the degree of correspondence as 
the resolution of measurement becomes coarser. This procedure allows assessing the model 
performance on reproducing large-scale patterns, while progressively capturing the effect of 
land-use clustering resulting, for example, from economies of scale and farm specialisation 
at the plot level (for example, average plot size in arable farms of 7.6 ha, up to a maximum 
of 100 ha) and farm level (average arable farm size of 59.5 ha, up to a maximum of 200 ha), 
and knowledge and information spillovers among neighbouring farmers at the regional level. 
Finally, a weighted average of the degree of correspondence at different window sizes was 
determined to summarise the overall fit (adapted from Costanza, 1989):

Eq. (19)

where Ci is a weighted average of the degree of correspondence for land use i over all 
window sizes, Ci,w is the degree of correspondence for land use i when the sampling window 
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is of linear dimension w, and k is a constant (0.1 as default value) to determine the weight 
that is given to small sampling windows in comparison to larger ones.

5. Results

5.1. Model specification

Table 3.5 shows the investments and yearly aggregated accounts of maximum yearly gross 
revenues, fixed production costs and maximum yearly net revenues for the considered agri-
cultural land uses. The average yearly net revenues in the total available agricultural land area 
are also listed. It can be seen that land uses producing ornamental plants, i.e. flower growing 
and tree nurseries, are able to generate the highest net revenues when crop suitability is 
optimal. However, they also incur high production costs and therefore their profitability 
decreases more steeply when yield decreases. Since biophysical suitability for flower bulbs 
is generally low in the available agricultural area, flower growing is profitable only in a few 
areas. Consequently, the average net revenues are actually negative. Flower growing, fruit 
growing and tree nursery systems require much higher initial investment costs per unit of 
land than the other systems, due to the high costs of specialised facilities and machinery and 
the establishment of perennial crops in tree nursery and fruit growing systems.

NPV maps depicting the local utility of each agricultural land use were constructed accord-
ing to the prescribed definitions of local utility. For illustrative purposes, the resulting map 
of NPV per unit of area for arable farming (crop rotation schemes defined at the regional 
level) according to utility definition VI is shown in Figure 3.3.

5.2. Allocation of agricultural land uses

The allocation of agricultural land uses was simulated in the LUS model for all definitions of 
local utility. Table 3.6 lists the maximum value of allocation probability in the total available 
land for the different land uses and according to the alternative definitions of local utility 
(rotation schemes of dairy and arable farming defined at the regional level). It can be seen 
that for definitions I and II, maximum allocation probability is quite low for all land uses, 
except dairy farming. This might indicate that numeric diffusion issues might result when 
applying these definitions. Numeric diffusion refers to the allocation of small portions of land 
in a diffuse spatial pattern, resulting in land uses being spread out with low probability values 
in all available land. This issue results from the use of a probabilistic allocation algorithm 
and has been observed in previous model applications, particularly when land uses have low 
occurrence and differences between their local suitability are not pronounced enough (Loonen 
and Koomen, 2009). That is also the case in our study: when solely accounting for production 
costs and gross revenues (definition I), the only land use with a maximum allocation probability 
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close to 1 dairy farming, i.e. the land use with the highest occurrence; on the other hand, land 
with very low occurrence and clustered distribution such as fruit growing, maximum allocation 
probability is close to 0. When including transportation costs (definition II) no significant 
differences are found, which seems to indicate that the magnitude of transportations costs is 
not large enough to differentiate the local utility among competing land uses. For definitions 
accounting for investment costs (i.e. III and IV), and particularly for those including both 
investment and land costs (i.e. V and VI), numeric diffusion issues seem to be less prominent. 
This appears to indicate that accounting for these cash flows increases the differentiation of 
local utility among land uses, and consequently avoids the occurrence of numeric diffusion. 
The implications of numeric diffusion in the model performance are discussed in Section 5.3.1.

Table 3.5: Investment cost and yearly cash flows of agricultural land uses in the Netherlands (in €/ha)

Table 3.6: Maximum value of allocation probability in the available land
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Figure 3.3. Net present value of arable farming according to definition VI (crop rotation schemes 
defined at the regional level)

5.3. Model validation

5.3.1. Pixel-by-pixel validation

The simulated patterns of agricultural land use were compared with the reference map for 
2012. Appendix B presents a complete overview of the validation results, listing the degree of 
correspondence between simulated and observed land use for the various model specifications. 
No significant differences were found between the results obtained with specification of crop 
rotation schemes at the national level and at the regional level. Therefore, only the results 
obtained with the specification at the regional level are henceforth discussed.

The results for the alternative definitions of local utility are listed in Table 3.7. According to 
the overall performance of definition I, it can be concluded that production costs and gross 
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revenues only partly explain the observed spatial patterns, with a degree of correspondence 
of 57.5%. Transportation costs do not seem to play a significant role in the allocation of agri-
cultural land uses, since no substantial differences can be found when comparing the degree 
of correspondence for ceteris paribus definitions with and without transportation costs, i.e. 
definitions I–II, III–IV, and V–VI, respectively. This can be explained by the fact that the 
Netherlands is a relatively small country with a high-quality transportation network. The 
higher degree of correspondence for suitability definitions III to VI indicates that the spatial 
distribution of agricultural land uses in the Netherlands appears to show path-dependency 
and inertia of land use, which might result from a combination of economic and socio-cultural 
factors such as high investment costs, farm specialisation and aversion to change.

Table 3.7: Degree of correspondence according to alternative definitions of local utility

The proposed framework and model specifications do not perform equally well among land 
uses. On the one hand, land uses that were specified at the crop level, i.e. arable farming and 
dairying, appear to perform best. In particular, dairy farming appears to be well allocated 
for all definitions of local utility. It thus seems that not accounting for different grazing 
livestock species and commodities played a limited role on the ability of the model in cor-
rectly allocating livestock-based systems. This might indicate that livestock-based systems 
are mostly located in areas in which the local utility for all other land uses is relatively low. 
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On the other hand, the remaining land uses perform overall very poorly for all definitions. 
The economic performance of these land uses was specified at the aggregated production 
system level, using suitability maps of generic crops types and economic data averaged at 
the national level. However, important (regional) differences might exist within them in 
terms of cultivated crops, specific crop suitability, management practices, technology in use 
and resulting local economic performance. Not accounting for crop-specific factors might, 
therefore, partly explain the inability to correctly reproduce the spatial distribution of these 
systems. Fruit growing is the exception, performing well for utility definitions accounting 
for factors explaining inertia of land use and path-dependency (i.e. III–VI), thus reflecting 
the importance of the perennial-crop attributes of this land use.

The poor performance of the model for low-occurring land uses can also result from numeric 
diffusion. When comparing Tables 3.6 and 3.7, it can be concluded that for definitions I and 
II, land uses with a low degree of correspondence are also those with the lowest value of 
maximum allocation probability. This seems to underpin that numeric diffusion issues have 
a large effect on the performance of the model. For definitions III to VI, on the other hand, 
the lack of crop-specific data for vegetable growing, flower growing and tree nursery seems 
to play a more important role on explaining their low degree of correspondence.

It should also be noted that the simulated maps were validated by comparing observed 
land use in one single year, thus implicitly assuming that land uses are mutually exclusive. 
However, rotation among land uses could be observed during the period of 2007–2012. For 
instance, when overlaying land-use maps for each year during the period considered, rotation 
among arable farming, vegetable growing and flower growing could be observed in almost 
30% of the total land where arable farming was observed at least in one year (see Table 3.8). 
This observation may imply that the distinction between different production systems is not 
always as strict as assumed, i.e. some farmers might combine production options from differ-
ent land uses; another explanation is that land may be leased to different types of farmers in 
successive years, without implying a change of ownership. Therefore, validating the simulated 
patterns with only one specific year may, to some extent, also explain the observed errors.

Table 3.8: Share of observed rotation among arable farming, vegetable farming and flower growing 
in relation to total area where arable farming was observed during 2007-2012
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5.3.2. Multiple resolution validation

A multiple resolution analysis of the degree of correspondence was performed, by gradually 
expanding the sampling window from a factor of 1 (i.e. 1 ha, pixel size) up to a factor of 25 (625 
ha). Figure 3.4 shows the degree of correspondence at multiple resolutions for the alternative 
definitions of local utility. It can be seen that the degree of correspondence increases for all 
land uses when the sampling window is expanded. The overall performance of the model 
appears to substantially improve for all definitions when the sampling window is expanded 
up to a factor of 10 (100 ha), after which it flattens out. That is also the case for dairy and 
arable farming. This observation appears to indicate that capturing the effects of land-use 
clustering at the plot and farm levels in these land uses largely explains the observed increase 
in the overall degree of correspondence.

For the remaining land uses, the degree of correspondence keeps on increasing at a consid-
erable rate even when the sampling window is increased by a factor larger than 10. Compared 
to arable and dairy farming, these land uses have a much lower occurrence and a more scat-
tered distribution across the country. The steady increase in the degree of correspondence 
for larger sampling windows seems to indicate that, although these land uses have not been 
well allocated at the local level, the model was still able to reproduce their regional spatial 
distribution fairly well.

Figure 3.4: Multiple resolution comparison of simulated and observed land-use patterns



Agricultural Land Systems

72

Table 3.9: Weighted average degree of correspondence according to alternative definitions of local utility

When comparing the degree of correspondence of the pixel-by-pixel validation (Table 3.7) 
with the weighted average of the multiple resolution validation (Table 3.9), a consistent 
increase of 7.4% can be observed in the overall performance of the model for definitions I, 
II, III and IV. For definitions V and VI, the increase is somewhat less (5.1%), which might 
be explained by the fact that these definitions already account for farm specialisation, and 
therefore land-use clustering at the plot and farm levels is already partly captured by the 
model. This is particularly the case for fruit growing, which is the land use showing the largest 
increase in the weighted degree of correspondence for definitions I, II, III and IV (between 
24.1% and 26.2%), but not for definition V and VI (8.3%). For vegetable growing (between 
18.3% and 21.1%), flower growing (between 10.0% and 13.4%) and tree nursery (between 13.4% 
and 15.3%), the increase in the weighted degree of correspondence is rather homogeneous 
across all definitions, which seems to confirm that the increase in the degree of correspond-
ence of these land uses when increasing the sampling window results essentially from the 
ability to capture the more general regional patterns. Despite the improvement of model 
performance, the weighted degree of correspondence for these land uses is still relatively low, 
even for definitions V and VI.
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6. Discussion and conclusions

In this paper, a modelling framework explaining the causality between economic deci-
sion-making processes in agricultural production systems and observed spatial distribution 
of agricultural land uses was presented and demonstrated for a case study in the Netherlands. 
Alternative definitions of local utility were implemented and validated at multiple resolutions, 
in order to explore the importance of uncertainties in model conceptualisation and structure. 
It could be concluded that the framework is able to generate sensible land-use patterns 
at the local and regional level, when implemented in a probabilistic, grid-based land-use 
model. However, the ability of the proposed modelling approach to explain and reproduce 
observed land-use patterns largely depends on the assumed definition of local utility and 
model specification. The framework appears to be particularly well-suited to explain and 
simulate the spatial distribution of land uses with both high occurrence and condensed 
distribution, particularly when agricultural land uses are characterised at the crop level and 
factors explaining path-dependency and inertia of land use are taken into account.

In this case study, no significant differences were found in the model performance either 
when taking into account transportation costs or when considering average crop rotation 
schemes defined at different levels (i.e. regional and national rotation schemes). To some 
extent, this finding may be in line with the aforementioned numeric diffusion issues: since 
the magnitude of relative change in local utility introduced by assuming different rotation 
schemes and/or including transportation costs is small when compared with the total util-
ity, these factors did not appear to have any role in the allocation of land use. However, it 
should be noted that for case studies in areas with different characteristics (large distances to 
markets, poor transportation networks, and large regional differences in crop suitability) this 
might be not the case. For instance, in a recent case study in Argentina (Diogo et al., 2014), 
transportation costs and assuming different rotation schemes at the regional level showed 
large effects on the local economic performance of agricultural land uses.

Despite the promising results, it must be taken into account that the Netherlands is a 
country with a long tradition in spatial planning, in which farm practices are also strongly 
influenced by policies and regulations at the European Union level. Thus, the study area 
does not present the strong land-use dynamics observed in other regions of the world. It 
would be important to infer to what extent the framework is able to successfully reproduce 
the current patterns and trends of agricultural expansion in regions such as Latin America 
and sub-Saharan Africa, where expansion rates remain particularly high (UN, 2012). Nev-
ertheless, our case study demonstrated that our framework is able to correctly reproduce 
observed persistence of land use as an outcome of economic decision-making, which is an 
improvement compared to previous modelling approaches that tended to overestimate the 
occurrence of land-use change in study areas with very limited observed land-use changes 
(Pontius et al., 2008).
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Although variable production costs were included in the quantification of local economic per-
formance, no considerations were explicitly made regarding economies of scale. Yet, increasing 
returns to scale have an important effect on the production function of agricultural systems 
and contribute to the observed clustering of agricultural land use. Economies of scale appear 
to depend on the interplay between farm size, crop market prices, cost of production factors 
and the elasticity of substitution among them (Surendra, 2002). Furthermore, environmental 
and social spatial externalities emanating from neighbouring/proximate farms (e.g. due to 
movement of materials, knowledge and information flows among farmers, shared infrastruc-
ture) can also affect farmers’ returns, either positively or negatively, and thus play a role in 
land-use decisions (Lewis et al., 2008). The explicit quantification of economies of scale and 
spatial externalities, and the incorporation of such processes into a grid-based land-use model 
might, however, prove to be too complex. Alternatively, we suggest applying relatively simple 
multiple resolution methods in the analysis of the simulated results, in order to extrapolate 
possible effects of land-use agglomeration at various scales. Nonetheless, understanding 
the role economies of scale and spatial externalities in agricultural land-use decisions and 
incorporating those processes within an utility-based modelling framework could entail an 
important area for further research.

CAP subsidies were explicitly taken into account in the calculation of gross revenues, while 
open space preservation, nature conservation, urban development and other (spatial) planning 
policies were implicitly incorporated in the model by considering observed non-agricultural 
land-uses (urban, nature, recreation, etc.) as constraints for the allocation of agricultural 
land uses. However, other agriculture-related policies have not been addressed in our case 
study, for example the role of milk quota regimes or EU Water Framework Directive goals 
for reduction of nitrogen and phosphorus emissions from manure and fertilizers. Changes in 
policy regimes (e.g. milk quota abolishment, adoption of more stringent water quality goals) 
can be expected to have large implications on farm management practices and consequently 
on farmers’ income and their land-use decisions. To study the impact of changes in policy 
regimes on future land-use patterns, we recommend the incorporation of explicit assump-
tions on farm management adjustments driven by these changes (e.g. fodder adjustments, 
transportation of manure, reduction of number of livestock, changes in land rotation) and 
their implications in terms of production costs and productivity, following the assumptions 
and findings from literature specifically addressing these topics, when available (e.g. CEAS, 
2000; Helming and Reinhard, 2009; Boere et al., 2015).

Neither the role of socio-cultural factors on economic decisions nor the effect of constraints 
in access to financing was fully explored in this particular case study. The scale of analysis 
(national level) and characteristics of the land-use modelling tool in use (grid-based) did not 
allow for flexibility in incorporating these factors. Despite these limitations, the assumed 
one-dimensional utility function, according to which farmers’ decisions are based solely on 
the principles of profit maximisation, could be deemed as a reasonable approximation of 
farmers’ objective preferences in a study area like the Netherlands, where the agricultural 
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sector is essentially composed by advanced commercial production systems and land rights 
are well defined.

Further research is, however, necessary to assess to what extent the framework would still 
be able to reproduce observed decision-making processes and land-use patterns in devel-
oping regions where subsistence agriculture is still largely prevalent, land rights are poorly 
defined and/or power and information asymmetries might exist among different types of 
land-users. Nevertheless, the proposed framework is, in principle, suitable to be implemented 
at different scales and using other types of modelling tools. For instance, it could potentially 
be implemented for land-use simulation at the local level using an agent-based modelling 
tool accounting for the role of socio-cultural factors. That would allow simulating simulta-
neously land-use patterns and socio-economic processes such as farm structure change and 
concentration of production and land (see e.g. Bakker et al., 2014), while explicitly taking 
into account the local utility of farmers according to different objective preferences, entre-
preneurship profiles and strategic orientations. Although the approach presented in this 
paper does not explicitly address the interactions between factors driving processes such as 
technology diffusion and adoption, learning and technological life-cycle in the agricultural 
sector, the role of these processes in future land-use patterns could still be assessed within 
the proposed framework, e.g. by incorporating explicit assumptions in terms of investment 
and production costs incurred by farmers when adopting new technologies, and the expected 
developments on attainable yields.

The proposed framework has the ability to incorporate complex interactions of factors and 
resulting synergies, being therefore suitable for the simulation of future agricultural land-use 
patterns, in order to inform policy-makers on possible socio-economic and environmental 
impacts resulting from climate change and/or policy reforms. It could be implemented, for 
instance, in a coherent multimodel approach consistently coupling land-use modelling tools 
with economic and agro-climate models: expected demand for agricultural commodities, crop 
market prices and the cost of production factors could be determined through (agro-)economic 
modelling (e.g. Eickhout et al., 2007; Britz et al., 2011; Renwick et al., 2013); expected changes 
in crop yields/productivity resulting from climate change and technological developments 
could be determined through agro-climate modelling (e.g. Fischer et al., 2012; Van Walsum 
and Supit, 2012); these modelling outputs could be finally implemented in the land use model 
as an input to specify local utility. Compared to previous multimodel approaches (see e.g. 
Verburg et al., 2008; Pérez-Soba et al., 2010; Britz et al., 2011; Lavalle et al., 2011; Kram, 2012; 
Verstegen et al., 2016), the proposed framework has the advantage of allowing to directly use 
the input from external models in a fully coherent manner and explain the causality between 
factors and resulting changes in land-use patterns, without requiring any further statistical 
analysis on the determinants of land-use change or additional assumptions on decision rules. 
It also allows for more transparency in some aspects of the model specification. For example, 
the role of investment costs and land acquisition costs in the proposed framework is com-
parable to the concept of land-use conversion elasticity operationalised in several empirical 
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land-use models (e.g. Verburg et al., 2002; Pérez-Soba et al., 2010). However, while empirical 
approaches typically rely on expert knowledge to specify conversion elasticity among different 
land uses, in our approach conversion costs are explicitly quantified in monetary terms, being 
fully consistent with the remaining components of the framework.

Furthermore, the local utility component of the framework can also be used within an 
integrated assessment framework as a tool for spatially-explicit cost-benefit analysis of agri-
cultural systems for different purposes, for example:

• analysing the impacts of climate change on the economic performance of current 
agricultural systems, according to different climate and socio-economic scenarios;

• informing investment decisions in the agricultural sector, e.g. by determining the 
economic feasibility of different climate-adaptation measures and the sensitivity to variation 
in key production factors;

• performing social cost–benefit analysis to explore the outcomes of changes in 
management practices and/or policy regimes, e.g. by monetising and internalising long-term 
externalities such as green-house gas emissions, conservation of nature and infrastructure, 
water quality and conservation of soils and landscape in the economic performance of 
agricultural systems.

Notwithstanding the auspicious prospects offered by the proposed modelling framework, 
it should be noted that its extensive data collection requirements might pose some barriers 
for implementation. For instance, depending on the study area and scale of analysis, detailed 
data on land use, crop biophysical suitability and technological characterisation of produc-
tion systems might not always be available and/or accessible. The complex interactions of 
several factors at different levels might also imply that additional assumptions are necessary 
in order to make the model operational at the relevant scale. Furthermore, projections of 
future climate conditions, demand for commodities and trends of economic factors such as 
market prices are inherently fraught by large uncertainties. Our case study demonstrated, 
however, that even when detailed data is not fully available and simplifications have to be 
made, the framework still has the ability to generate sensible patterns and explain the main 
processes at hand. More than expecting precise predictions when simulating future land-use 
patterns, models should instead be regarded as explorative tools to help understanding the 
causal links between factors, processes and patterns. In that respect, equipping the proposed 
utility-based framework with tools for spatio-temporal sensitivity analysis and Monte Carlo 
uncertainty analysis (see e.g. Verstegen et al., 2012a; Diogo et al., 2014; Verstegen et al., 2016) 
should be regarded as a crucial step forward to fully assess the reliability of the results and 
understand the role of future variability in key factors on anticipating developments in 
agricultural land-use patterns.
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Appendix A. Crop rotation schemes at the regional level

Table 3.A.1: Average crop rotation schemes at the regional level for arable farming and dairy farming 
systems, according to soil type (CL=clay soil; S=sandy soil) 
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Appendix B. Validation results

Table 3.B.1: Degree of correspondence of simulated and observed agricultural land-use patterns, 
according to different definitions of local utility and configurations of crop rotation schemes
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